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a b s t r a c t
Sleep has emerged in the past decades as a key process for memory consolidation and restructuring.
Given the universality of sleep across cultures, the need to reduce educational inequality, the low
implementation cost of a sleep-based pedagogy, and its global scalability, it is surprising that the
potential of improved sleep as a means of enhancing school education has remained largely unexploited.
Students of various socio-economic status often suffer from sleep deﬁcits. In principle, the optimization
of sleep schedules both before and after classes should produce large positive beneﬁts for learning.
Here we review the biological and psychological phenomena underlying the cognitive role of sleep,
present the few published studies on sleep and learning that have been performed in schools, and
discuss potential applications of sleep to the school setting. Translational research on sleep and learning
has never seemed more appropriate.
& 2014 Published by Elsevier GmbH.
1. Introduction
Education in the developed world has recently undergone several
changes related to advances in computer technology, psychology,
neuroscience, sports and nutritional sciences. Just like medical
treatment is becoming a personalized endeavor guided by indivi-
dual traits, education of the richest has never been so speciﬁc,
resourceful and hopeful. At the same time, the human population
in underdeveloped regions continues to increase, making yet more
difﬁcult efforts to produce comparable improvements in the
educational capacities of these societies. Even in so-called devel-
oped societies, poverty and reduced educational opportunities
constitute a long-term risk factor for child outcomes [62]. The
growing educational inequality across the globe [65] is a serious
problem for future generations. In this context, science-based
strategies to boost learning are most welcome, yet must be
scalable to large populations, lest them be irrelevant.
Due to their critical importance for learning, the improvement
of basic physiological needs such as sleep, nutrition and exercise
have obvious potential for a scalable change in education. Sleep is
particularly promising as a highly efﬁcacious pedagogical variable,
due to its wide applicability. Also, measures to mobilize sleep
for education often can be implemented at relatively low cost.
Children living in overcrowded environments, youth exposed to
unrelenting television and internet stimulation, and adults work-
ing night shift jobs all suffer from sleep deﬁcits. Teachers typically
consider sleep among students something to be resisted and
opposed, taking it as a clear sign of disengagement from the
learning process. Yet, a wealth of converging evidence in humans
as well as in animal models shows that sleep deprivation impairs
learning (Fig. 1A), and that a wide range of learning beneﬁts can
come from optimizing both pre-training and post-training sleep
[15,35,79,90,93,98].
2. Sleep and learning
Sleep consists of the cyclic occurrence of rapid-eye-movement
(REM) and non-REM (NREM) sleep periods. A typical nocturnal
sleep period includes 4–5 NREM–REM sleep cycles of approxi-
mately 90 min duration. The ﬁrst NREM–REM sleep cycles are
dominated by slow wave sleep (which represents the deepest
form of NREM sleep), whereas during late sleep, REM sleep
periods become more intense and extended. The need for sleep
varies with age, with younger children sleeping 10–12 h per night
whereas 9 h might be sufﬁcient around puberty. Sleep plays a
beneﬁcial role on both the encoding and the consolidation of
memories, i.e. the two main stages of memory formation. As a
consequence, the success of learning depends on both sufﬁcient
amounts of sleep and an optimal sleep “architecture”. The acute
and chronic restriction of sleep can seriously impair cognitive and
emotional functions. Regarding sleep architecture, both REM and
NREM sleep have been shown to play critical roles in learning and
memory, with NREM sleep, especially its deepest stage of slow
wave sleep, being key for the consolidation of episodic memories,
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which are memories for events and their embedding in a spatio-
temporal context.
The conscious encoding and retrieval of such memories
involves brain structures spanning the prefrontal cortex, medial
temporal lobe, and hippocampus. The consolidation of episodic
memories is based on the repeated reactivation of the neuronal
representations underlying these memories during slow wave
sleep. This consolidation not only strengthens such memories but,
more importantly, leads to a qualitative reorganization of their
representation [33,63]. This neuronal reorganization is thought to
underlie processes of knowledge abstraction and insight that occur
preferentially during post-encoding sleep, but whether it occurs
during NREM [80,90] or REM [78] sleep remains unclear [80]. Thus,
sleep facilitates both synaptic-level and systems-level consolidation,
supporting on the one hand the reorganization and translocation of
memories to distill and construct optimal representations of
Fig. 1. Psychological and neurophysiological evidence towards translational research on sleep and school learning: (A) Sleep-dependent perceptual learning in humans
(adapted from [79]). Overnight incremental improvements over time (black bars) do not occur in subjects deprived of sleep on the ﬁrst night after training, and allowed to
sleep on the following nights (white bar). (B) Pairwise neuronal correlations not present during pre-training NREM sleep (PRE) are established during maze running (RUN)
and sustained during post-training NREM sleep (POST) [100]. (C) Transcriptional up-regulation of Arc and ZIf-268, two immediate-early genes with key plasticity roles,
occurs after exposure to novel objects during waking WK (þ), and subsequently during REM (þ), but not during SWS (þ). Shown are pseudo-colorized autoradiograms of
rat brain frontal sections subjected to in situ hybridization for Zif-268 mRNA. Triplet on the top left indicates hippocampus (HP), primary somatosensory (S1) and visual (V1)
cortices. Adapted from [72]. (D) Sleep spindle density is strongly correlated to nap-dependent learning among preschoolers. Adapted from [37]. (E) Memories for card-pair
locations learnt in the presence of a speciﬁc odor, were enhanced if the odor was re-exposed to the subject during post-learning slow wave sleep. Re-exposure of the
contextual odor during post-learning slow wave sleep is thought to reactivate the memory for the card-pairs thereby promoting the consolidation of these memories.
Re-exposure of the odor during REM sleep or waking was ineffective. Adapted from [64].
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learned material [13,76], and on the other to simply stabilize and
strengthen the memories in the form in which they were encoded
[11,60,103].
The psychological characterization of sleep-dependent learning
was accompanied by brain imaging experiments that demon-
strated the occurrence of experience-dependent reactivation [44]
and neuroanatomical reorganization of mnemonic traces during
sleep, in correlation with performance gains over time [21,54]. The
search for the electrophysiological substrates of sleep-dependent
learning showed that recent learning speciﬁcally enhances elec-
troencephalographic (EEG) oscillations that characterize NREM
sleep [31,105]. The electrical or auditory augmentation of slow
waves during sleep has been shown to improve consolidation of
declarative memories [45,50]. These ﬁndings establish a causal
relationship between memory consolidation and these slow oscil-
lations, which favor processes of neuronal synchronization and
synaptic potentiation during the up-states of these oscillations
[6,9]. Higher frequency oscillations, such as the sharp wave-ripple
complexes that accompany memory reactivations in the hippo-
campus, and sleep spindles that co-occur with sharp-wave ripples
during the slow oscillation up-state in thalamocortical networks,
have also been implicated with learning and memory formation
during sleep [23,34,48,53,74,81].
Mnemonic reactivation at the level of single neurons or neuronal
assemblies (Fig. 1B) has been demonstrated in animal models mainly
during NREM, showing that multi-neuron activity patterns acquired
during waking, recur during subsequent sleep [3,4,14,57,59,67,72,100].
However, though difﬁcult to identify, neuronal reactivation might
occur also in REM sleep [42,57,67,72]. Importantly, the levels of
calcium-dependent plasticity factors are up-regulated during REM
sleep in an experience-dependent manner [68,69,72,83], and are
correlated with spectral power in the sleep spindle range [72]. In
agreement with these results, sleep deprivation in mice has been
shown to impair calcium-dependent forms of long-term potentiation
[88].
With regard to neuroanatomical dynamics, experience-dependent
changes in neural physiology have been shown to persist in the
neocortex but fade in the hippocampus as ﬁring rate changes during
NREM sleep [72], and as increased levels of plasticity-promoting factor
during REM sleep (Fig. 1C) [69,72]. These ﬁndings implicate sleep in
the evolution of hippocampus-dependent memories within the cortex.
Altogether, the available data point to the concerted associa-
tion, during NREM and REM sleep, of electrophysiological and
molecular mechanisms responsible for the sequential processing,
i.e., reorganization and synaptic consolidation of memory traces
during the NREM–REM sleep cycle [11,25,70]. It has been proposed
that, following the formation of memories, sleep plays a crucial
role in their evolution, ﬁrst identifying and strengthening relevant
memories while erasing memories that are not, and then integrat-
ing these new memories with older memories, extracting gist, and
discovering rules within newly learned material (11). These func-
tions may likewise require the combined actions of NREM and
REM sleep [2,27,70,82], removing or reorganizing memories to
free resources for learning new materials and thereby preparing
the brain for the upcoming wake period.
3. From laboratory to classroom
Given that sleep-dependent learning has been extensively char-
acterized over a wide range of scales and neurobiological mechan-
isms, what sort of practical recommendations to education can one
derive from the science of sleep and memory? A seemingly minor
modiﬁcation has to do with the time of class onset. Adolescents,
whose circadian rhythms are better adapted to afternoons [1,49], are
handicapped for morning learning [29,101], in part due to sleep
inertia [24,84] and to the substantial modiﬁcations in sleep patterns
and hormonal regulation experienced by teenagers [28]. Phase
delays in the circadian timing of sleep during adolescence can favor
the accumulation of persisting sleep deﬁcits if school starts too early.
Thus, the time required for commuting to school is inversely
correlated with sleep duration [58], and both increased television
viewing and obesity are associated with reduced sleep duration
[56,96].
In the laboratory setting, sleep deﬁcits are very detrimental to
learning. While most studies to date have focused on the beneﬁts
of post-learning sleep for memory consolidation, some recent
studies point to the key role of pre-learning sleep for the encoding
of new memories [2,86,92,104]. The sleep-dependent mechanisms
underlying this important preparatory role of sleep likely include
the replenishment of calcium stores, macromolecules, and vesi-
cles, as well as the removal of neurotoxic metabolites [8,43,102],
along with more general improvements in attention [87].
How to deal with the problem of sleep deﬁcits in schools? As
earlier bedtimes do not alleviate the circadian phase delay of sleep
in adolescence, a delay in the start time of classes has been
proposed as a potentially efﬁcacious way to improve education
at a remarkably lost cost [55,91]. As straightforward as this seems,
changes in school start times are not well received by parents who
are constrained by workplace schedules. A more controversial
option is the introduction of naps into the school schedule. Many
forms of sleep-dependent learning, including that of simple facts,
occur optimally within a few hours after initial memory acquisi-
tion [11,22]. Such sleep can stabilize recently learned material,
making it resistant to the normal loss that occurs over the day
[16,17]. The standard lag of several hours between morning class-
room learning and sleep onset in the evening likely causes class-
room contents to suffer interference from afternoon waking
activities. Rather than changing school schedules to allow more
sleep at home, or preventing students from sleeping at school,
sleep might be embraced as a pedagogical tool. Post-training naps
have been shown to rescue perceptual fatigue [47], and to promote
gains in procedural task performance [46,95] and hippocampal-
dependent visuo-spatial learning [51,73] similar to gains observed
following a full night of sleep. In children, sleep-dependent
beneﬁts have been shown primarily for declarative memories
[61,97]. This is providential for the goal of employing naps as a
pro-mnemonic practice in the schools, as diurnal naps mainly
involve NREM sleep [47], and most school content is comprised of
declarative memories.
Studies in infants 18-months of age have shown that naps
promote abstraction of grammar in language learning experiments
[26], gains which are retained over a subsequent night of sleep [32].
Among preschoolers in childcare, one study found daytime naps to
be negatively correlated with neuropsychological measurements of
vocabulary and auditory attention span, while nighttime sleep was
positively correlated with vocabulary [39]. One interpretation of
these results is that children who receive inadequate sleep at night
sleep are more likely to take daytime naps. But it may also be that
these naps, within the daycare environment, lack the physiological
features required to support memory consolidation. Notwithstand-
ing, an electroencephalographic assessment of daytime naps among
preschoolers found that such naps signiﬁcantly beneﬁt visuo-spatial
learning, compared to equivalent waking intervals. Nap-dependent
learning was the greatest for children habituated to daily naps, and
was not rescued by subsequent overnight sleep [37]. Importantly,
sleep spindle density was strongly correlated with this nap-
dependent learning among preschoolers (Fig. 1D). Finally, a study
of sixth grade students found that post-training naps of 2 h
improved memory retention measured 5 days later [41].
One caveat to consider here is that afternoon naps reduce the
propensity for sleep in the evening. Nocturnal sleep in children who
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habitually nap is less deep and contains less slow wave activity,
and thus might be less effective in supporting various forms of
memory consolidation [99]. A second concern is that short
(o60 min) naps contain little or no REM sleep, and my not beneﬁt
complex learning with declarative, procedural and emotional
features. In such cases, it may be optimal to learn in the morning,
when vigilance is high, and to brieﬂy rehearse the learned material
in the late afternoon or early evening to optimize its consolidation
during fully developed nocturnal NREM–REM cycles.
Another approach to optimizing sleep-dependent beneﬁts for
classroom learning is to take advantage of the fact that sleep
appears to be especially beneﬁcial for memories deemed relevant
by the subject; the expectation of future utility strongly biases the
effect of sleep on memory persistence [10,12,98]. Thus, efforts to
make clear to students the value of what is being learned –
whether because it will be on a future test or because it will be
valuable in their ongoing life – gain an extra beneﬁt in terms of
enhancing subsequent sleep-dependent consolidation of what was
learned. Explicit pre-sleep rehearsal of newly acquired declarative
contents may selectively enhance this school learning by identify-
ing it as having future relevance.
Yet another controversial low-cost implementation is to make
naps available upon request. Students could be instructed to
request a nap whenever feeling too drowsy to learn more. This
would allow them to prepare for memory acquisition following a
bad night of sleep, and to self-regulate the ofﬂine consolidation of
relevant memories soon after learning, as has been suggested for
preschool children [36]. However, allowing students to nap upon
request bears several risks. First students might forego adequate
nocturnal sleep, knowing that they can make it up at school. Even
in the best of circumstances, such napping might lead to sleep that
is no longer synchronized with one's circadian rhythms, and which
might lose its efﬁcacy as a cognitive enhancer. Finally, such a
change would require more ﬂexibility in the way classroom
contents are presented. On the other hand, the amount of brief
napping seen in classrooms even now, especially at the high
school level, is considerable, and studies suggest that as little as
6 min of sleep can enhance recently encoded declarative mem-
ories [5,38]. Perhaps students have already intuitively identiﬁed a
simple way of enhancing memory.
Over the longer term, the issue arises of whether educational
institutions should adopt research approaches aimed at speciﬁcally
improving the cognitive functions of sleep. While pharmacological
interventions to improve sleep-dependent memory consolidation
have so far largely failed (e.g. [18]), relatively simple brain stimulation
techniques have successfully enhanced declarative memory consoli-
dation during sleep in healthy students. Transcranial direct current
stimulation oscillating in the frequency of the sleep slow oscillation
applied during nocturnal sleep signiﬁcantly enhanced students'
memory for vocabulary words they had learned prior to the
stimulated sleep [45]. A distinct enhancement of sleep-dependent
declarative memory consolidation was likewise achieved by auditory
closed-loop stimulation, where short low-intensity clicks were pre-
sented “in-phase”with the up-state of EEG slow oscillations detected
during slow wave sleep [50]. Electrical stimulation of slow oscilla-
tions during a nap also improved post-sleep learning [2]. While the
stimulation of speciﬁc EEG oscillations has potential for school
learning, substantially more research on the possible unwanted side
effects of such stimulation, as well as considerations of ethical issues,
is needed before any application in educational settings can be
seriously considered.
Whereas methods aimed to enhance the EEG oscillatory character-
istics of slow wave sleep are known to promote secondary improve-
ments in consolidation and post-sleep encoding of new memories,
a more direct approach to strengthen memories is to reactivate them
during sleep. A promising technique of enhancing speciﬁc memories is
to associate the learning of speciﬁc information with either unique
odors or sounds, and then replaying the sound, or presenting the
odors, during subsequent sleep (Fig. 1E). Such memory reactivation
during sleep has led to enhanced declarative memory [64,73,77],
as well as improved stimulus-speciﬁc extinction of fear conditioning
[30]. Other studies in humans and rats have shown that reactivation is
similarly effective when auditory cues are presented during slowwave
sleep and that cuing can also be used to select speciﬁc memories to be
strengthened during sleep [4,73]. The targeted cuing and reactivation
of speciﬁc memory traces during slow wave sleep may provide
scalable, low-cost improvement of classroom learning.
4. Are dreams important for cognition?
Another aspect of sleep that may be of educational value is
dreaming. Widely valued during most of our historical past as a
source of insights [75], dreaming is no longer considered of
importance in contemporary society. In the past decades it became
common to consider dreams as devoid of cognitive value, mere
“spandrels of sleep” that only reﬂect sleep-related physiological
variables [19]. Yet, recent research suggests that dreams may
constitute an untapped source of cognitive enhancement in
schools. Experiments using maze navigation as a spatial cognitive
task showed that task-related dream content is associated with
performance gains over time, while task-related waking thoughts
are not [94]. Whether this relationship is causal or correlative
remains to be determined. Dreams may represent behavioral
simulations able to integrate complex knowledge from the past
into future action plans [7,66,71]. REM sleep, the state when the
most vivid dreaming takes place, is also involved in the processing
of emotional memories [40,52,85,89]. It is possible that complex
learning with spatial and/or emotional aspects is particularly
prone to beneﬁt from dreaming, perhaps even from the conscious
examination of dream contents [20], but at present this remains
speculative. The cognitive function of dreaming remains enigmatic
and constitutes a research frontier in need of critical experimenta-
tion and analysis.
5. Conclusions
There is a large body of evidence regarding the cognitive role of
sleep, but relatively few successful applications of this knowledge
to the school setting. Translational research on how to optimize
sleep so as to maximally beneﬁt school learning is timely and
much needed, offering an opportunity for discovering scalable,
low-cost, and socially relevant pedagogical methodologies. Some
concrete ideas to be subjected to quantitative empirical testing
include (1) the availability of school naps both before and after
classes, (2) mnemonic cueing during sleep, and (3) the use of pre-
sleep instructions to enhance the expectation of future utility for
speciﬁc memories learned. However, in parallel with such testing,
more basic studies are still needed (1) to conﬁrm or clarify the extent
to which the forms of sleep-dependent consolidation seen in college-
aged students and adults are active in children as young as preschool
ages, and (2) to demonstrate that the types of information taught in
schools and the forms in which this information is delivered in the
classroom are amenable to sleep-dependent consolidation, especially
when measured with the types of tests used in the classroom. While
we believe that there is already sufﬁcient data to justify moving
towards implementation of these suggestions, the studies outlined
here would facilitate both the optimization of this approach and its
justiﬁcation to policy makers capable of implementing such change.
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